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I. INTRODUCTION HE STUDIES OF advanced traction motors generally focus on efficiency, high power density, higher torque, lower noise, and cost [1] . Permanent magnet (PM) motors have high efficiency, high torque density, and compactness. Because of these features, they are widely used in hybrid and electric vehicles. But, the magnet is a rare element in nature. For this reason, the magnet is still one of the main concerns for hybrid and electric vehicle manufacturers. In this case, SRMs can be considered as one of the alternative solutions [2] [3] .
SRMs consist of a stator with windings and a rotor with saliency. They have no winding or permanent magnet on rotor [4] [5] . Since SRMs do not need PM, they have low cost and work even in high temperature conditions created by internalcombustion engines [6] . SRMs are ideal for adjustable speed applications because of these properties [7] . They have stronger structure compared to PM motors, although they are produced simpler and at cheaper cost [8] . Although PM motors are preferred for specific applications, they might not be cost effective for mass production in certain applications [9] . SRMs also offer high efficiency and extended-speed constant power operation [10] . Because of all these advantages, SRMs are useful and attractive for electric vehicles as well as they have high competitive power in transportation applications [11] [12] [13] [14] .
High torque ripple is one of the major disadvantages of SRMs due to their high nonlinearity of torque production [15] [16] . For the purpose of the torque ripple reduction, the researchers have improved the motor magnetic design and have used complex control algorithms for the motor [17] [18] . In recent years, many studies have been devoted to different rotor or stator configurations with specific properties to improve the performance of SRMs [19] [20] .
In conventional SRMs, the windings are located on opposite poles of the stator. They are connected as series to form a phase of the machine. The asymmetric-half-bridge type converter is commonly used in SRM drives [21] . When a suitable phase in the machine is excited with DC voltage, the moving rotor begins to rotate in the direction that reduces the reluctance of the magnetic circuit. The continuity in turning of the rotor is obtained by energizing the phases respectively. Fig. 1 shows the 3-phase, 6/4-pole stator-rotor structure of conventional SRMs.
Torque characteristics of SRM are highly nonlinear and dependent on the rotor position and phase current [22] . SRMs operate based on reluctance torque and have a "minimum reluctance" rule. In addition, they cannot be easily applied to traditional power equations [23] . In SRMs, as the air gap between the stator and rotor pole heads increases, the reluctance of the magnetic circuit also grows. The machine structure tends to reduce this high reluctance and produces a torque for this. With the production of torque, the stator and rotor pole heads close up. As a result, the reluctance of the magnetic circuit is reduced. reduce the reluctance, the continuity of the machine torque is generated. The winding structure of conventional SRMs is short pitched. Mecrow has changed the winding structure of classical SRM and placed windings as full pitched instead of short pitched [24] . It is called the 'fully-pitched SRM'. The electromagnetic (EM) torque in fully-pitched SRM is formed entirely by the mutual inductance formed between the phases [25] [26] . The fully-pitched SRMs are also known as MSCRM and are named accordingly [26] . MCSRMs could have 25% more output torque than conventional SRM could have [25] . These machines can be used in a variety of applications, using conventional 6 switch inverter or the asymmetric half-bridge converter [26] .
In this study, the performance of MCSRM based on stator volume is proposed. For this aim, a MCSRM prototype and five different MCSRM models with modified stator yoke are developed. The only difference between the proposed models is the geometric arrangements on the stator yoke. The other parameters of the machine are kept constant. Therefore, they have not been observed in this study.
II. STRUCTURE OF MCSRM
The phase coupling in the conventional SRMs is very small and can be neglected, but it cannot be neglected for MCSRM. Therefore, the phases are coupled by the nature of MSCRM operation [27] . The torque in MCSRMs is produced by the changing of the mutual coupling that occurs between phases according to the rotor position [25] . As a result; torque is produced by energizing more than one phase at the same time. Fig. 2 shows the structure of MCSRM.
In SRMs, torque is produced by controlling each phase independently. Thus, torque generation is transferred from the active phase to the other phase. Consequently, torque vibrations become important in these switching moments [28] . Eq. (1) shows the general torque expression in a SRM. (2) [26] .
Since two phases are active in MCSRM (assume phase 'a' and phase 'b' are active, and phase 'c' is passive), Eq. (2) turns into Eq. (3).
III. DESIGN OF MCSRM
The only feature which distinguishes the five proposed MCSRM models from the basic MCSRM model is the stator yoke structures. For the comparison of the machines, the basic model MCSRM is called MCSRM-0 in this study. Fig. 3 denotes the geometric structure of the 6/4 MCSRM-0. Where β r is the rotor pole arc (degree), β s is the stator pole arc (degree), t s is the stator pole width, t r is the rotor pole width, d s is the stator pole height, d r is the rotor pole height, y s is the stator yoke thickness, y r is the rotor yoke thickness, and g is the air-gap length . Table 1 presents the dimensions of the 6/4 MCSRM-0. In the study, first, the MCSRM-0 is magnetostatic analyzed with 2D finite element method (FEM) at different currents. In addition, flux density is examined. 2D (FEM) analysis is sufficient to obtain the required results [29] . Geometric regulation is realized in regions where flux density is decreased. For the comparison of the machines, proposed models are called MCSRM-1, MCSRM-2, MCSRM-3, MCSRM-4, and MCSRM-5 respectively. The proposed five stator yoke models are shown in Fig.4 . Each of the obtained motor models is analyzed at different currents through the 2D finite-element analysis. Firstly, the MCSRM-0 is analyzed for the comparison of the proposed models. The curves of mutual inductance and torque obtained from the analysis results are plotted for MCSRM-0 as shown in Fig.5 . The distribution of the flux for MCSRM-0 at 10Amps is denoted in Fig.6 . The proposed MCSRM-1…MCSRM-5 are obtained through an optimization study on MCSRM-0. The same rotor is used in all MCSRMs and just a simple modification is performed on its stator yoke. It is presented in Fig.4 . The geometric arrangements of the proposed MSCRM models are based on the flux distribution of the basic model (MCSRM-0). The flux distribution of the MCSRM-0 in Fig.6 is dealt with and intensive regions are determined. In regions where the flux density shows decrease, the thickness of the stator yoke is thinned and MCSRM-1 model is formed. In the MCSRM-1 model, the ends of this region, which is extracted from the stator yoke region, are cut flat. The end points of this region are near the stator pole. Therefore, the 'flux linkages' can occur at the end points of the region. For this reason, the end points of these regions are studied in five different basic geometric shapes such as straight, convex, concave, outer triangle, and inner triangle. According to the results of the analysis, despite the five different geometric structures, flux distributions and flux densities are very close to each other.
The MCSRM-0 and the five proposed models are analyzed in the range of 1-10 amps with 1 amp step. In order to compare the proposed models to the performance of MCSRM-0, the curves obtained from the analyses performing at 5 Amps and 10 Amps are used. The purpose of comparing the 5 Amps and 10 Amps can be seen clearly on the graph that similar results are obtained in different currents. The comparison of the torque curves of the five proposed models with the torque curves of MCSRM-0 is shown in Fig.7 .
When the torque curves of the MCRSM-0 and the proposed models obtained from the analyses are compared, they show a very similar characteristic to each other. Fig.7-a shows When the torque curves of MCSRM-3, MCSRM-4, and MCSRM-5 in Fig.7 -c-d-e are evaluated, there are very small decreases in T max values compared to MCSRM-0 as in the previous three models. The torque characteristic of all three models is also very close to the MCSRM-0. When all torque curves are evaluated together, it is seen that the peak values and the characteristic curves of all the models are very close to each other.
When the flux distributions of the basic model and the proposed MSCRM models are evaluated, it appears that the values are very small. The flux in regulated regions completes the flow from the stator yoke region near the coil which has a lower resistance compared to the high resistance of the air. Thus, the density of the flux increases in those regions. The flux distributions of the proposed models are given in Fig.8 . The density of the flux in the near-winding region seems to be more intense when compared to the MCSRM-0`s given in Fig.6 . Since the total flux density does not change too much, the engine performance is not adversely affected. The distribution of the flux for proposed MCSRM models at 10 Amps is shown in Fig.8 . In the proposed models, the flux which flows on the stator yoke is forced to flow through a narrow path by being compressed. Thus, there is no significant change in the total flux value. The small changes in the torque values of the proposed models are due to the resistance difference of the geometric regions. Therefore, there are very small differences in the areas of the proposed geometric regulations. The torque in MCSRM is produced depending on mutual inductance. Hence, the mutual inductance curves of the proposed models are evaluated and given in Fig.9 . The mutual inductance curves of the five proposed models are quite close when compared to the mutual inductance curves of MCSRM-0 given in Fig.9 . The close proximity of mutual inductance curves are proofs of the proximity of the motor torque curves. The average torque value and torque ripple ratio are also very important for the performance comparison of an electric machine. For this reason, the geometric regulations in electric machines should not adversely affect the machine performance. In this study, the average torque values and torque ripple ratios of the proposed models are calculated and compared with the basic model.
The difference between the maximum and minimum instantaneous torque expressed as a percentage of average torque at steady-state operation is called torque ripple [30] . Torque ripple ratios of all models are calculated using Equations (4) - (5) at 5 Amps and 10 Amps. The basic model MCSRM-0 has a value of T avg = 1,13 Nm at 10 Amps. On the other hand, in the proposed models, T avg decreases to 1.08 Nm at 10 Amps. The average torque difference at 10 Amps of the MCSRM-0 and of the proposed models is about 0.05 Nm. This difference decreases to 0.03 Nm at 5 Amps. Since MCSRMs have high torque density, these values are quite small and negligible. The average torques and torque ripples rates of all MCSRM models are given in Table 2 .
For the calculation of torque ripple, the instantaneous torque and average torque are determined. The obtained values at 10 Amps are replaced in (5) . As a result, the torque ripple of the basic model MCSRM-0 is 46.2%. For the proposed model MCSRM-1, the attained values at 10 Amps are replaced in (5) . Thus, the torque ripple is 44.9%. The results for the torque ripple rates of proposed MCSRM models are rather lower, yet acceptable. Moreover, in the arranged regions of the proposed models, the air circulation contributes to the cooling of the machine. Without minimizing the stator volume while maintaining the motor performance, the improvements at torque ripple are not very important. The improvements obtained from the stator volumes for the proposed MCSRM models are given in Table 3 . Small changes in torque performance are negligible when compared to the weight obtained from the stator volume. Owing to the proposed geometric arrangements, the volume of the basic model MCSRM-0 is decreased from 314.16 cm 3 to 269.69 cm 3 . When the values are generalized as a percentage, the stator volume decreases between 11.31% and 14.17% by stator yoke optimization. Depending on the density of the material used in the manufacture of the stator, the stator weight also decreases significantly. A lighter MCSRM, which provides near-optimal performance in applications such as electric vehicles, is more preferable than the basic model. One of the important points to be considered here is the negative strenght on the stator yoke. In order to avoid this situation, stator housing should be considered.
VI. CONCLUSION
In this study, an approach is proposed for reducing the weight of MCSRM without loss of performance. For this purpose, some modifications have been made to the geometry of the basic model of designed MCSRM. The basic model and all proposed models are the same except for the changes made to the stator yoke. The geometric arrangements on the stator yoke are carried out in regions where the flux density shows a decrease. Thus, the loss of flux is prevented. All models are analyzed and the results of the proposed models are compared with the basic model at 5 Amps and 10 Amps. Due to the proposed geometric stator yoke models, the motor stator volume decreases between 11.31% and 14.17%. Further, an additional torque ripple does not occur and the torque characteristic is not degraded. In the proposed models, the flux flows over the narrowed region through the stator. These regulations also support air circulation. As a result, the user can use a more lightweight MSCRM. By this advantage, it will bring great benefits especially to electric vehicle works. In future research, the copper losses of the models can be studied, and the advantages and disadvantages of the models can be evaluated. As a result, a lightweight MCSRM with high performance has been proposed for electric vehicles.
